Any consideration of competition between plasmid-positive and plasmid-negative cells implies the presence of both forms of microbial cell in a 'mixed' population. Such situations arise for one or two major reasons. A plasmid may be transferred throughout a plasmid-free population in response to some environmental pressure. Alternatively, plasmid-free cells may arise in a plasmid-bearing population as a result of the segregational instability of the plasmid. This situation is of current interest due to the use of plasmids as means of expressing recombinant DNA products in micro-organisms. For commercial applications at least, there is a requirement that the appropriate plasmid be present in the entire cell population. In order to maintain this, it is necessary to have an understanding of the competition between plasmid-free and plasmid-bearing cells. In this paper competition between plasmid-positive and plasmid-negative cells in cultures which are initially 100% plasmid-bearing will be considered.
The relationship between plasmid-bearing cells and their plasmid-free host is a consequence of the rate at which plasmid-free cells appear (segregational instability) and the nature of any competitive advantage or disadvantage conferred by the plasmid to the host cells. The segregational instability of a plasmid is affected by several factors, which can be divided into three areas: host phenotype, plasmid phenotype and environmental conditions.
The phenotype of the host cell has a significant influence on the segregational instability of a plasmid as a result of the cell's recombinational proficiency. In particular, the tendency for high-copy-number plasmids to form multimers, leading to a reduction in the apparent plasmid copy number, can be affected by the host cells (Carrier et al., 1983) . Thus, recF (Summers & Sherratt, 1984) and recA hosts would discourage the formation of multimers. As the apparent plasmid copy number would therefore remain high, the probability of plasmid-free cells arising would be reduced (Summers & Sherratt, 1984) .
Most naturally occurring plasmids have a complex copy number control system which, should it malfunction, can lead to the generation of plasmid-free cells. High-copynumber plasmids require, in addition to an efficient replication system (Som & Tomizawa, 1983) , a method for resolving plasmid multimers which may form. For lowcopy-number plasmids, with which the probability of plasmid-free cells arising is high, there is a requirement both for an efficient replication system, (Churchward er al., 1983) and an effective partitioning system (Meacock & Cohen, 1980) . Several par sequences involved in partitioning have been identified, associated with different plasmids.
In addition to the replication and copy number control mechanisms of plasmids, the presence of a gene expressing a heterologous protein is liable to increase the incidence of plasmid-free cells (Imanaka er al., Miwa & Momose, 1982) . This is of particular significance to those wishing to express large amounts of recombinant product using such a system as a high-copy number plasmid.
The physiology of the host cell provides a third way in which the segregational instability of a plasmid may be affected. The presence or absence of a selection pressure for the plasmid is of great importance. Further the use of defined rather than complex media and continuous rather than batch systems for growing plasmid-bearing cells stimulates the appearance of plasmid-free cells. Continuous cultivation at low growth rates with phosphate or carbon limitation have been shown as particularly likely to emphasize any segregational instability a plasmid may possess (Jones et al., 1980; Wouters et al., 1980; Noack et al, 1981) .
The appearance of plasmid-free cells in a plasmidbearing population is implicit in the consideration of the ensuing competitive relationship. However, it does not follow that, once a microbial population ceases to be 100% plasmid-bearing, it will automatically become loo%, or even 90%, plasmid-free. Competition between plasmid-free and plasmid-bearing cells in a population is dependent on whether one strain has a growth advantage over the other. There are three competitive conditions which could occur : (1) neither strain has a growth advantage, (2) the plasmidfree cells have a growth advantage over the plasmid-bearing cells, and (3) the plasmid-bearing cells have a growth advantage over the plasmid-free cells. The patterns for the appearance of plasmid-free cells in a plasmid-bearing population are shown in Fig. 1 . When investigating factors affecting plasmid stability it can be difficult to distinguish between those which affect the rate of appearance of plasmid-free cells and those which influence the competitive relationship within the mixed population. However, environmental conditions in particular will emphasize any growth rate advantage possessed by plasmid-free or plasmid-bearing cells.
It is possible to demonstrate that all three competitive relationships can occur. Despite the fact that the plasmidfree cells had no growth advantage, Escherichia coli RV308 (pHSG415) was found to lose the plasmid during growth in continuous culture with glucose limitation at 30°C. The cell population changed from 100% plasmid-bearing to approx. 65% plasmid-bearing in 35 generations, the rate of appearance of plasmid-free cells being constant with time ( Fig. la) . This was the result expected if there was no competition between the plasmid-free and the plasmidbearing cells, the plasmid-free cell population resulting entirely from the segregational instability of the plasmid.
A more common observation is that, in the absence of any selection pressure to maintain the plasmid, plasmid-bearing cells are at a disadvantage. The mode of appearance of plasmid-free cells in such circumstances is described by Fig.  1 (c) . The cause of this competitive disadvantage possessed by the plasmid-bearing cells may well result from differences in the maximum specific growth rate (pmax,) of the two strains, as the presence of a plasmid has been shown to reduce the pmar. leading to an ability to out-grow the plasmid-bearing strain. The reduction in p,,,, has been attributed to various causes such as the burden of extra plasmid DNA either due to plasmid copy number (Carrier et al., 1983) or plasmid size (Zund & Lebek, 1980) ; the expression of high levels of foreign protein also reduces the pmax. of the host cell (Carrier et al., 1983) .
In contrast, it has been found that there are unstable plasmids which in the absence of any apparent selection pressure can confer an advantage to the host cell. The yeast expression vector pJDB219 contains the yeast chromosomal LEU2 gene which enables leu2 strains of Saccharomyces ceratisiae such as AH22 to grow in the absence of leucine, when the plasmid is stably maintained. However, in the presence of leucine, pJDB219 was found to exhibit 'loss kinetics' from S. cerevisiae which resembled those predicted for an unstable plasmid which, however, enhanced the growth of the host cells (Fig. lb) (Walmsley et al., 1983) .
It is generally assumed that in the presence of a positive selection pressure for a plasmid, plasmid-free cells cannot arise or if they do they cannot survive. However, due to the segregational instability of some plasmids and the nature of the competition between the plasmid-free and the plasmidbearing cells, th is not necessarily true. The plasmid pCT70 [a derivative of PAT1 53 expressing met-prochymosin (Emtage et al., 1983) ] has been found to reduce the growth (OJg/O rate of E. coli EHlOl by approx. 30%. In the absence of any selection pressure (i.e. fi-lactam antibiotics) the plasmid is unstable and plasmid-free cells appear as described in Fig.  l(c) . Growth of E. coli HB 101 (pCT70) in continuous culture in the presence of carbenicillin (0.1 g/l) results in an oscillation in the total biomass present in the culture, coupled with oscillation in the proportion of the population which is plasmid-bearing (Fig. 2) . This is a direct consequence of the competitive relationship between the plasmid-free and the plasmid-bearing cells. Due to the segregational instability of pCT70, plasmid-free cells are constantly generated, which then over-grow the plasmidbearing cells. However, the j-lactamase encoded on the plasmid is necessary in order to destroy the carbenicillin. Some of this j-lactamase is present in the growth environment thus protecting the plasmid-free cells. If the number of plasmid-bearing cells becomes so few as to be unable to provide adequate 8-lactamase to remove the carbenicillin, the dominant, plasmid-free cells die. Plasmidbearing cells briefly become the major component of the population but, due to their segregational instability and competitive disadvantage, are once again rapidly overgrown by plasmid-free cells, in a repetitive cycle.
Investigation of the stability of plasmids such as pBR322 and pAT153 has led to considerable variation in the results obtained (Jones et al., 1980; Wouters et al., 1980; Noack et al., 1981) . This is attributable to the variation in the host and environmental conditional conditions used, and the lack of distinction between plasmid segregational instability and the competitive relationship of the plasmid-bearing and plasmid-free cells. Further work, to clarify the causes of the two different effects, in particular the causes of competition between plasmid-free and plasmid-bearing cells, could concentrate on the manner in which environmental variables emphasize or neutralize the competitive relationship. This would lead to a greater understanding of the effect plasmids have on their host cells and therefore of the biochemical and molecular basis for the competition between plasmid-free and plasmid-bearing cells.
